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[Geveloprnente in the program of research in plastice
for aircraft conducted by the U. S. Forest Products
Laboratory ar€ swnmarized. The approsch hae been
in general to derive design criteria mathematically
and then to check by test. Thirteen technical reports
issued during the several years this project has been
under way are abstracted.
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FYOR THE OOMMANDING GRNEAAL: ]
. 7

. k. OBTH

Colonel, USAF

Chief, Materials laboratory
Directorate of Bosearch



P e g"—-r—"ﬂﬂ"ﬂ
LB st wosd ,\\_,vAein._. =

Introduction. .. ... .. L L
Itemm 1| Mechanical Properties of Parallel-laminated Lumunte-.
Item 2. Mechanical Propzriics of Laminates not Parallel-
labninmced. . . ... . L L0 .
Item 3 Mechanical Propernel of Two Laminates 2t Anglzs to
the Orthotropic Axes. . . .. ... ..... . ..............
Item 4. Mechanical Properties of a Laminate Desgigned to be
lsotropic. . . .. .. .. . .
Item 5. Bearing Strength of Three Laminates Under Tension

Itern 6. Effect of Defects in Laminates on Tensile and Compres-
sive Strengih of a Typical Laminate. . ... ...... ......
Item 9 LCffect of Prestressing in Tension or Compression on
the Mechanical Properties of Two Laminates. .. ... ..
Item 10. Elfect of Span-depth Ratio upon Mechanical Properties
Obtained irom Bending Tests of & Typical Laminsate. ..
Item A. Fatigue Properties of Glacs-fabric-base Plaatic Lami-
nates S8ubjected to Axial Loading. .. .................
Item B Effect of Thickness on the Strength of Glass-febric
Phastic Laminates. . .. .. ... ...... ... ... ... ...
ltem C Effect of Exposure to Various Relative Humidities on the
Flexural Properties and Weight Increase of a Poly-
eoter Glavs-fabric-base Laminate. . .. .. ... . .
Ttam D. Effect of Different Catalysts and Different Amounts of
Styrene Monormr: - un the Strength and Durability
Properties of Glass-cloth Laminates. ... . ... ... ... ..
ltem E Przparation of ANC-17 Bulletin. ..... ... .......... .. ..
Reports on Research ifA Piastice for Aircraft {ssued by J. S.
Forest Products Laboratory. .. e



INTRODUCTION

R

This annual report by the U. 5. Forest Producte Laboratory covers develop-
ments in the progrem of research in plastica for aircraft conducted by the
PLahoratory during the fiacal year 1952. Actually, however, since it is the
first such report prepared during several yzars of research, efiort has been
made to summarise work on all projecte included in the current program,
some of which were concluded before the 1952 fiscsl year begen. This re-
port, therefore, ie intended to serve as a convenient reference for the status
of the entire current research program. It i{s planned that future annual
reporis will cover only those projects and items on which work was done
during a given fiscal year.

Item 1. --Mechanical Properties of Parallel-laminated Laminates

This project in designed to furnish data on the strength propertics of parallel-
laminated laminates in the wet and dry condition. Twenty-one different lami-
nates are involved, of which the majority are glass fabrics laminated with
polyester resin. The other larminates are glass mat with polyester resin {one),
glass fabric with phenolic resin (two), and cotton cloth with phenolic resin
{one).

Repov: No. 1820 (February 1951) presente the results of tention, compression,
bending and chear tests of i4 laminated plastic materials. Teste of laminates
were rmade after the specimena had been subjected to normal or to wet con-
ditioning. The mechanical properties of the laminates, both dry and wet, are
presented in the form of tables aad by average streos-strain curves. The
resulte of the glass-fabric-polyester laminates sre considered to be typical
of laminates made with any polyester reuin conforming to U. §. Air Force
Specification 12049 and a specific glass fabric with finish li4. The mechanical
properties of such laminates are substantially reduced after exposure to wet
atmospheric conditions.

Teetas of the remaining laminates are going forward.
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frem 2. --Mechanical Properties of Lamin.tes Not Faraliei-laminaleu

Va tous fabrics, and thue the paraliel laminstes mude from them, have
different properties. The properties ot some parallel lamingtes also
“epend upon the direction of application of the stress with respeci iv the
warp direction of the fabric. Larninates having nearly sany desived combina-
tion of properties may therefore be formed by combhining fabrice or by croes
laminating. The number of possible combinatione is so large that empirical
determinatioh of properties is impractical.

This project was designed to develop procedures for predicting the strength
properties of cross-leminated or composite laminates from the properties
of paraliel laminates of the component fabrics, and to test the validity of
these procedures by compsarison of predictrd strength properties for a
pumber of laminates with strength properties found by test. Three types of
laminatees werzs tested: (1) Crose iaminates of vach of three different fab-
rice; (2) s parallel larninate consisting of alternating layers of different
fabrice; and (3) parsllel laminstes consisting of a core of onz fabric wiih
{acings of varying thicknesses of another fabric.

Report No. 1821 (February 195]) shows that the properties of glass-fabric
laminates may de varied by varying the orientation of the laminations or by
combining laminations of differing properties. Reported are the results

of tests of crose laminates of three fabrics varying in strength parallel and
perpendicular to their warp. Also tested was a parallel laminate combining
two of these fabricse in alternate laminations. Methods are given for pre-
dicting the properties of the laminates tested, hased on properties of
paraliel lJaminates.

Work on the third type of laminate is under way.

Itam 3. - -Mechanical Properties of Two Laminates at Angles to the Ortho-
tropic Axes

It has been suggesied that glass-fabric laminates might be treated as an
orthotropic material, and that the general eiastic equationt and interaction
jormuie appiicabis 10 piywosd might similarly be used for thie material
Report No. 1303 (April 1949) presents & study of the elastic and atrength
properties of & glass-fabric laminate made of 181-114 faktric, a satin-weave
fabric of about equal etrength in the werp and {11l directions. Tests were
made at varicus angies t0 the grain, nn specimens so proportioned as o
preclude buckling or faijure because of elastic instability. Cornparisons

.’iﬁ* E 5’) 183 2



S o svmsciemental and thenretics! values in tension, compression,
and shear are presented. Also included in the veport are data showing
the eifect of grain direction upoen the bearing, edgewiaz-sheav, and
interiasiiinar ~shear propertise of the material.

Suppliement 1803-A {April 1950) presents the results of tension, compres-
sion, and shear teets of two other glass-fabric-base plastic laminstes
simiiarly tested. The l12-114 laminate discussed in thie suppiement is
made of a plain-weave fabric having a warp-to-fill atrength ratio of about
3 te 2, and the 143-114 laminate is rinade of a unidirectional-weave fabric
having a warp-to-fill strength ratio of about 11 to 1. Thus, these laminates
represent three giaae fabrics having entirely different properties. Except
for the panel-shear test values, there was good correlation between the
experimental and theoretical values. The difficulty of making an accurate
shear test is recognised, and it may be thzt the computed shear vaiues are
more nearly correct than those messuzed by the chear testes.

Item 4. --Mechanical Properties of a Laminate Designed to be Isoiropic

While the usual glase-fabric-rsinforced laminates are orthotropic in
charactsr, the individual plies c¢an be arranged in such a way as to produce
a laminate which is eseentiaily isotropic. Mathematical analysis of a
method for ronstruction of an isotropic laminate has been completed.

Item 5. --Bcn'mj Streqlt_h of Three Laminates Under Tension Londiuj.

Report No. 1824 (June “951) presents the results of about 400 bolt-bearing
teste of three gisvs-Iabric-base plastic laminates made with o polyester
resin conforming to U. S. Air Force Specification 12049. The laminates
were elither 1/4 or 1/8 inch thick and were tected at angles of 0°, 90°, and
4%* to the warp direction, 8 D/t ratios of 1 snd 4, and in beth the dry and the
wat conditions. Inclided are data on the bolt-besring properties of the
matericle and on the effect of end or edge distances. The laminates were
reinforced with glacs fabrice of widely different properties, suv that some
difference in bearing properties might be expected. The end and edge
distancee required to preciude failure to the ena or edge oi inc speciinen
were substantially differeni for the three laminates. However, =2n end
distance of 4D and edge distance of 2-1/2D were iarge enough to prevent
such {ailures, regardiess of the {abric used.

With adequitle end edge distances, the stresses at proportional limit and at
maximum load were (1) highest at the low D/t ratio, (2) highest when lami-
nates were tested 1n the dry cond:tion, and {3) about the sam~ at 45° as at
0°* or 90°

i W 9.1 3
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Scarf joints and lap joints in two glass-fabric-base plastic laminates were
tested in fendion wid in Compreas:on. In rach case the joints were made
between sections of the cured laminate. The scarf.joint teats involved &
variety of gluing techniques and adhesiver ar 'well as a range of scarf
slopee. The lap joints were made with several gluing techniques and in
lengths up 1o 3-1/2 inches.

As reported in Report No. 1818 (October 1950) the scarf-joint teste indicated
that the efficiencies that could be attained depended on the adhesive used and
the technigue of using it, as well as on scar{ slope. For a given slope,
efiiciencies appear to be higher in comprezesion than in tension. Efficiencies
in tension ranging up to 70 to 80 percent at & scarf slope of i in Z8 were
obtained with one adhesive when tested in the dry condition. After exposure
tc high humidity, efficiencies were al'out 10 percent lower than for jointa
tested in the dry condition. Choice of a different adhesive permitted attain-
ment of efficiencies a5 Ligh as 90 percent i. the dry condition and 80 per-
cent in the wet condition at a slope of 1 in 20.

Lap jointe are inefficient in transmittling tensile stress. Even with lap
lengths of 3-1/2 inches, only auwout one-fourth to one-third of the tensile
strength of the lamimate could be developed. In compression, however,
efficiencias of 60 to 80 percent were found at this lap length. At the 3-1/2-
inch length, the majority of the specimens did not fail in the joint when
tesiad in compression.

item 8. --Etfect of Defects in Laminates on Tensile and Compressive Strength
of & Typical Laminate

Report No. 1814 (June 1950) presents resultz of 52 tension and 52 compression
teste mede to determine the effect of defects on the mechanical properties of
& giass-fabric-base plastic laminate. Because even carefully controlled
fabricaling procedures result in occasional defects, some indication of the
effect of these defects on the strength of the laminate is desirable.

Seven laminated panele were {abricated for these tests: one controi panci,
one with high resin content, two with low resin content, one with surface

wrinkles, one with butt joints, and one with lap joints.

An 1acrease in resin coatent resulted 1n iower velues of moduius of eiasticity,
proporticnal liunit, and uitimste stress 1n tension, and a jower modulus of

wADC TR R2.1A8T 4



amE el as Ly TR The tt.rante gtreaa In COMDYESSION. Lowever,
inc rcn-ed with incrcesed res:n content within the range of reain ca: #nt
tented Suriace wrinkics lower the strength in iension and compressios,
nid the deeper ihe wrinkiz the greater iz the reduction Buii joints lower
the tensiic sirengih of the laminate but the compressive strength (within
limite) 18 not appreciably aifected. I a single butt joint occurred in & six-
ply laminate, the tensile strength at the joint would be about five -sixths of
the tengile strength where the plies were continuous. Lap jointe, in general,
would be expecied iv lower the tensile 2trength of the laminate, and the
reduction would depend upon the efficiency of the particular joint. An
increase in length of lap would be expected to raise the efficiency. The
compressive atreangth (within limits) does not appear to be appreciably

affected.

Itemn 9. --Efiect of Prestreasing in Tension or Compression on the Mechan-
ical Properties of Two Laminates

Report No. 1811 (September 1950) presents the resuiis of 36 tension and 45
compression tests made on two glass-fabric-base plastic laminates. The
laminated specimens were prestressed to variocus percentzzzs of the ultimatz
stress, and a study was made of the effect of this praetreesinj on the mechan-
ical properties and se?. All tests weze made after nermal conditioning of the
specimens.

The tests showed that with 18]-114 laminate, resin 2, which might be coneid-
zred a typical glass-fabric-base plaatic laminate, the etress-strain curve of
the materis! after it had heen prestressed in tension was different from the
stress-strain curve obtained on the first application of sircss. Thus, for
lumizates of this <ype, the results indicate ihat the values of modulus of eise-
ticity and of proporticnal limit, as calculated from the usuzl tensile stress-
strein curve, may be considerably :n error once the material has been
stressed beyond the initial proportional limit. The 143-114 laminate, resin 2,
on the otker hand, showed the same type of stress-strain curve whether or not
prestressed. The tensile strengih of neither type appears to be affected by
prestressing.

The compressive propertice of the two laminates were not appreciadbiy siiccied
by prestressing. The greater the degree of prestressing in tension or com-
pression, the greater was the observed set. However, the set is of emall
absolute magnitude

A supplementary report, No (8ll1-A (June i95i), presents the resuits of 18
tension tests in which each specimen was prestressed once prior to the test to
failure Four different larninates were tested, 1n both the wet and dry conditien
and the testl reeults verify the conclusions given :n Report No. 811.
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Preeir, 300« -Effect of Spar.-desth Ratio Upon Mechanical Praperties
IIntmomeg benry Merotn g c e dTE O E F YDAl Latoaiieiy

Cercted mnimher of herding tests of a tvoical glass-fabric-base plaatic
catt.rate were made to determine the effect of span-depth ratio anmd thick-
teas or the mechancal properties obtained from test. Three thicknesses
< tavilrate, 17160 1 4, and 1/2 inch, were tested at span-depth ratios
Loetweoren 2 and 30 A few tenaile and s nmpressive teets were included for

carn thickness of laminate

Tie reslts of the trsts, axs piven in Report No 1807 {June 1949}, show that
the mudllue of rugture ddecreases with anincrease in span-depth ratio or
with an increase in thickness of the lam:nate, and the modulus of elasticity
inctrases slightiy with an increase in span-depth ratio. For any given
span-depnth ratio, the moduius of rupture was markedly lower the thicker
the material, even though the tensile and compressive prouperties, Barcol
hardness, res:in content, and specific gravity were closely comparable for
ail three thicknesses At a span-depth ratio of 16 to 1, the moduli of
rupture were about 67, 000, 59, 000, and 52, 000 pounds per square inck for
approximately 0.074, 0 27, and 0. 53 inch thicknesses, respectively.

Item A --Fatigue Properties of Glass-fabric-base Plastic Laminaies
Subjected to Axial Loading

Fat.gue data are important to the proper design of aircraft structures. This
project was deeigned to furnish data on the {atigue properties of three typical
iaminates 2nd to evaluate the effects of such factors as high-humidity
exposure, stress risers, and magnitude of mean stress. Dead-lcad tests
wer#e included in the project to furnish data on stress in tension versus time
to {ailure on one material

Report No 1823 {May 1952) shows for the typical laminates teeted, fatigue
strengths at 10 million cycles on the order of one-fourth of the static tensile
strength, with notches causing about 3 to 6 percent additional reduction in
strength At 10 million cycles, moisture had no affect on fatigue strength,
aithough 1t did at smaller numbers of cyclee. Tests at mean stresees other

- =
-

INAN 270 resuiied v subdiani:aily iowesr {aligus st

e
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Results of dead load tests have not yet been incorporated into a report
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Laminates

Dsata {rom tesis of sendwich constructions with thin plastic-laminrate fac-
ings indicated that the ccmpressive strength properties developed were
considerably below thos: developed 1n tests of lamimates 1/8 to 1/4 inch

in thickness This project was designed iv cbtain a preliminary evalua-
tion of strength differences among laminates of various thicknesses for
adapiaiion of teoi daia io design. Laminaies approximately C. 215, 0,034,
and 0 045 inch thick were made for comparifon with a laminate 1/4 inch
thick In addition to laminates made between platens, sandwich construc-
tions with laminate facings on honeycomb and bals2 cores were made to

evaluate the effect of method of manufacture.

Tzst results, not yet available in report form, indicate strength reduc-
tions with decrcaaing thickness for thicknesses below about 1/16 inch
For greater thicknesaes, no consistent trend is apparent. No apparent
difference between {acings and laminates was found.

Item C. --Efl¢ct of Exposure to Various Relutive Humidities on the
Flexursl Properties and Weight Incresse of a Polyester
Glase-iadric-base Laminate

Moisture abscorbed by a glass-{abric-polyester laminate exposed to
temperatures of 73° F. to 100° F. and 50 to 100 percent relative humidity

in controlled tests caused the flexural properties of the laminaze to decrease.
The relationahip of strength to moisture absorption, it was found, is not a
straight-line function, the rate of decrease in strength is greatest at the
initial incsease in moisture content. Results are covered in Report No.

1819 {October 1950).

Item D -.Effect of Different Catalysts and Different Amounts of Styrene
Monomer on the Strength and Durability Properties of Glass-
cloth Laminates

Stat:~ bending and lzod impact tests were made to determine how the strength
and durab:lsty of glase-cloth plastic laminates were affected when the resin
formulation was varied as {c curing conditions, amounts of catalyast and
accelerator., and amounts of styrene monomer added to the resin Laminates
made w:th three typical polyester resing were tested after various types of
exposire Resulta are given 1n Report No 1825 {Mzarch 1952)

AN R €211



abl it smangy s Tt af catalyyt or Increasing or decreasing the styrene
manomer content from the manufaclurer s’ rECOmMMEenUalions wds Lo
typical res:in iormulations used to make glasa-cloth plastic laminates
reaulted in relatively small changee in static bending strength for the test
conditions studied Decreasing the catalyst content by 50 percent resulted
in some lase in bending strenth at standard conditions, after water
immerasion, after cyclic exposure, and after 1/2 hour at 160° F. Heat-
curing combinations of catelyst and resin (using manufacturers’ recommen-
daticne] sppéarsd o produce better luminates than the room-temperature-

curing combinations.

In most case2 a reduction in bending sirength resulted from exposure to

the weather, elevated temperatures, immersion in water, and a cyclic
exposure of aiternating high and low relative humidity at 175* F. The
reductions due to zxposure were greater than the effects resuliing from
variations in catalyst and styrene monomer content. The modulus of
elasiicity was affected lenst by these exposures; the modulus ox rupture was
decreased considerably more; and the strength at proportional limit was

reduced mont.

Item E. --Prefantion of ANC-17 Bulletin

The original ANC-17 Bulletin, issued in 1943, is very much out of date,
since many of the rmodern structural plastice are not covered. Data from
the Forest Products Labaratory, other laboratories, and the technical
literaturs are being reviewead for possible inclusion in a revised edition

of ANC-17.
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18013 Directicnal Properties of Glass-fabric-base Plastic Lamingie
Panels of Sizes that do not Buckle. 1949.

Equations derived from the theory of elesticity are g
for the evaluation of the elastic properties at angles to the
natural axes of the material. An interaction eguation ie
suggested for the evaluation of the sirength propertiee. Theae
equations sre shown to agree reasonably well with teat results.

ivan

1803-A Supplemant to Directional Properties of Glass-fabric-bsse Plastic

Laminste Penels of Sizes that do not Buckle. 1950.
Experimental and theoreiical values of the directional

proparties of two glass-fabric-base i >tic laminates are coms
pared in tension, compression, and carar. The theoretical
analysis has row been applied to three inminates having entirely
different properties and, with limitaticns, should be applicable
to other laminates reinforced with giass iabric.

1807 Elfect of Span-depth Ratio and Thickness on the Mechanical
Properties of a Typical Glass-fabric-base Plastic Laminate as
Detormined by Bending Tests. 1949.

Results of tests indicate that the modulus of rupture
decreases with an increace in span-depth ratio or with an
increase in thicknezs of the bending specimens; and that the
modulus of elasticity increaesn siightly with an increase in

span-depth ratic.

181} Effect of Prestreasing 1n Tensson or Compreassion on the Mzchan-
ical Properties of Two Glass-fabric-base Plasiic Laminates.
1950,

Results of tension tesats of plaziic laminates indicate that the
strese-atrain. rejstionship between the first and subsequent appli-
cations of load may be idifferent. Values of proportional limit and
modulus of elasticity, based on the usual stress-strain curve,
may be considerabiy in error for 2 rmaterial under servics | .ngl-
tions
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Plastic Laminaics, 351
revious tests of two laminates, outlined in the origiaal
‘o, 1B1l) indicated that stress-strain relationships may
be different beiween the first and subsequent applications of
load. A few additiona) tension tests of {our laminates, in dry

and wet conditions, verify the previous caonclusions.

iBl4e Effect of Defects on the Tensile and Compressive Properties of
a Class-fabric-base Plastic Laminate. 1950.

Resulta of tencion and ~ompresesion teste of laminated
paneis having defects are presented in this report. Defects
include (1) high resin content, (2) low resin content, (3) surfuce
wrinkles, (4) butt joints, and (5) lap joints.

islg Strength of Scarxf and Lap Joints in Glass-fabric-base Plastic
Laminates. 1950.

Scarf and lap jeinis, made between sections of cured
laminete, were tested in tension and compression using various
lengthc of joints and & variety of gluing techniques. Tests were
made after both dry and wet conditioning, and efficienciea of
the various combinations are given in this report.

1819 Effecti of Moisture Absorption on Flexural Properties of a Giass-
fabric-polyester Laminate. 1950.

A glass-fabric laminate madz with & polyseter-type lami-
nating reein was tested in flexure afier exposure conditions
ranging from 50 percent relative humidity to water immersion.
Strengih propcities decreased with increasing amounts of
absorbed water, the grester raiz of decrease accompanying
smalier absorptions; modulus of =lasticity wae relatively

unafiected

1820 Mechanical Properties of Piactic Laminates. (951

Presents the rosults of tension, compression, bending, and
shear tests of !4 laminated piastic materiale. Each laminate

was reinforced with & singie iabric aid was paruilel.laminated.
Tests were made after both normal and wet conditioning.

1821 Mechanicel Proparties of Cross-iaminzted and Composite Glass-
fisbric-base Plastic Laminates. 193]

Reports the resuits of iesis o <

varying in atrength parallel anZ perpendicular te their warp. Also

ose laminates of three fabrics

Ll

oA mREe o R W 10



grmted e 2 narallel Inminate caombining two of these fabrics.
Methodse are given for predicting the properties of such lami-
nates based on the properties of parallel laminates.

wout
x
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W

Fatigue Tests of Glas f
Axia! Loading. H
Fatigue propertxeu of three plastic laminates, made from
typical glass-fabric bases and polyester-type resin, were
obiained Sy axial loading. S-N curvea, abtained between
thousand and 10 million cycles, show the =zifect on fatigue
strength of notch, cooling, warp direction, various mean

stresses, or a combination of these,

e WS P H 5
abric-base Laminats
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1624 Bolt->earing Properties of Glass-fabric-base Plastic Laminates.
1951.
Presents results of about 400 bolt-bearing tests of three
laminates, tested under dry and wet conditions, including
data on the effects of end and edge distances.

1825 Effect of Different Catalysts and Amounts of Styrene Monomer
on Strength and Durability of Glass-cloth Plastic Laminates.
1952
Test results show that the type of catalyst and amounts of
styrene can be varied over an appreciable range without
sericusly affecting the strength or durability of laminates made
with a typical polyester resin.

1816 Strength of Ortkotropic Materirls Subjected to Combined Stressee,
1950,
e Henky-van Mises Theory of emergy is used to obtein
e theory of strength of orthoirsric mnateriale subject to
coxhined stresses. Zauatione aro then decucod frax the theory
to rredict ihe strongth of ortrotroric materials, (euch as
rizstic laminates), strss=ed uniaxially at verious angle: to

the ratural axis of the cateris Taus cquaticns am shown
tn mrree with avsilanle test '-ﬂluas.
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